By saying "Anyone who has never made a mistake has never tried anything new", Albert Einstein himself allegedly implied that the making and processing of errors are essential for behavioral adaption to a new or changing environment. These essential error-related cognitive and neural processes are likely influenced by reward value. However, previous studies have not dissociated accuracy and value and so the distinct effect of reward on error processing in the brain remained unknown. Therefore, we set out to investigate this at various points in decision-making. We used functional magnetic resonance imaging to scan participants while they completed a random dot motion discrimination task where reward and non-reward were associated with stimuli via classical conditioning. Pre-error activity was found in the medial frontal cortex prior to response but this was not related to reward value. At response time, error-related activity was found to be significantly greater in reward than non-reward trials in the midcingulate cortex. Finally at outcome time, error-related activity was found in the anterior cingulate cortex in non-reward trials. These results show that reward value enhances post-decision but not pre-decision error-related activities and these results therefore have implications for theories of error correction and confidence.
Introduction
The detection and prevention of errors in everyday decisionmaking can save time and can aid in communication. For example, imagine sending an important email and forgetting the attachments. The sooner you detect this error, the sooner you can rectify it by sending a new email with the attachments included ("error correction"; e.g. Hochman et al., 2015) . This experience might help you learn to be more careful when sending emails in the future (see Holroyd and Coles, 2002) . This type of behavioral adjustment is paramount for adaption to a dynamic environment, and according, there has been extensive research into the detection and monitoring of errors subsequent to their making.
Classic experiments into error processing showed that even without receiving explicit feedback on their performance people are often very capable of detecting and correcting their errors (Rabbitt, 1966; Rabbitt and Vyas, 1981) . Subsequent neuroimaging studies have investigated which areas of the brain monitor or detect error responses. The medial frontal cortex (MFC), including the anterior cingulate cortex (ACC), has been shown to be active after errors (Carter et al., 1998; Kiehl et al., 2000; Carter et al., 2001; Menon et al., 2001; Garavan et al., 2002; Mathalon et al., 2003; Kerns et al., 2004; Iannaccone et al., 2015) ; it thus appears to be involved in the post-decision processing of error (Scheffers et al., 1996; Coles et al., 2001 ). Further evidence is provided by the errorrelated-negativity (ERN) and feedback ERN. These are components of encephalography measured from fronto-central sites generated in the MFC, most likely in the ACC (Dehaene et al., 1994; Miltner et al., 1997; Stemmer et al., 2004) . The ERN has been shown to consistently peak after erroneous responses and the feedback ERN has been shown to consistently peak after feedback that reveals that the selected option was wrong (Falkenstein et al., 1991; Gehring et al., 1990; Miltner et al., 1997) . It was recently proposed that as well as contributing to post-response and post-feedback error processing, activity in the ACC prior to response might also affect whether or not the response is erroneous (Hoffman & Beste, 2015) .
The ACC is tightly related to the mesencephalic dopamine system (Gaspar et al., 1989; Berger et al., 1991; Williams and Goldman-Rakic, 1993 ), which is a major part of the reward processing system (e.g. Schultz et al., 1997; Bayer and Glimcher, 2005) . Therefore, it is in a unique position where it might be able to combine error and reward processing. In fact, several studies have shown that reward value enhances ACC error-related neural activity that occurs immediately after response (Hajcak et al., 2005; Schlienz et al., 2013) . However, in these studies, the participants were rewarded only for correct responses and therefore response was confounded with outcome. It is thus elusive whether ACC error-related neural activity is distinctively affected by reward value or if combined processing of error and value only occurs in the ACC when response and outcome are associated via instrumental learning.
In this functional magnetic resonance imaging study, we tested to see if reward value, even when dissociated from response, enhances error processing. We scanned participants while they performed a random dot-motion direction discrimination task where reward and non-reward were associated with stimuli via classical conditioning. Regardless of whether participants responded correctly or not, they always received a reward after dot-motion in one direction (e.g. left) and a neutral outcome after dot-motion in the other direction (e.g. right). This allowed us to test neural activity in rewarded error and non-rewarded correct trials as well as in rewarded correct and non-rewarded error trials, and therefore to separately examine the effects of perceptual accuracy and reward value. Because error-related processing in the MFC has been found or suggested to occur at several stages of processing, we investigated neural activities for error and value processing at three different time periods: during stimulus presentation prior to response, at response time, and when the outcome was delivered.
Materials and methods

Ethics statement
All participants were informed about what this study would require from them. They completed written consent forms before the experiment. This study was approved by the ethics committee of Brain Science Institute of Tamagawa University.
Participants
Eighteen neurologically and psychologically healthy, righthanded, undergraduate students (nine female, nine male, mean age 20 ± 1.2 years; this style indicates mean ± s.d.) participated in this experiment after which they were compensated with a total of 7,000 yen. Participants were asked to refrain from eating for at least 10 h before the beginning of the experiment so as to maximize the value of the juice reward. When required, participants were provided with MRI-compatible eyeglasses of the necessary strength. Data of nine other participants were excluded from analyses due to excessive motion or low error rates.
Materials
Visual stimulus presentation was controlled using the "psychophysics toolbox" (Brainard, 1997) running on Matlab 7.1 (Mathworks, Inc.). The visual stimuli were projected to an opaque screen set inside the scanner via a (CP-SX1350, HITACHI; frame rate = 60 Hz) projector and a mirror system. Participants responded to the stimuli using MRI compatible response pads (HHSC-2 × 2, Current Designs, Inc., PA, USA).
Experimental procedure
Each participant completed the tasks over a consecutive twoday period. Rating of the liquids as well as practice, psychophysical testing, and conditioning were all completed on the first day (see the supplementary materials). On the second day, further conditioning (described in the supplementary materials) was completed. During the conditioning, participants were faster to respond in trials were dots moved in the reward-associated direction (0.58 ± 0.04 s) than in trials where dots moved in the nonreward-associated direction (0.60 ± 0.04 s; t 17 = -2.34, p < 0.05). This indicates that participants successfully learned to associate one direction with reward and the other direction with non-reward. The main task was completed immediately after conditioning on the second day. Liquids were used as reward and non-reward stimuli. Participants rated these before and after the experiment. Each participant's most preferred of the following was used as their reward liquid: apple juice, orange juice, or a popular Japanese yoghurt flavored drink (Calpis co.). These shall hereby be referred to as "juice". On a scale ranging from −5 (I don't like it at all) to +5 (I like it very much), the most preferred of these was rated before the experiment with a mean of 4.3 (s.d. = 0.8) and after the experiment with a mean of 3.1 (s.d. = 1.7). To make a neutral tasting control similar in content to human saliva (O'Doherty et al., 2002) , ions and water were mixed in different concentrations (25 mM KCL and 2.5 mM NaHCO3 × 1, 2 or 3, with 1 liter of water). These shall hereby be referred to as "ion water" solutions. Each participant's most neutrally rated of these solutions was used as their non-reward liquid. On the same scale ranging from −5 to +5, the most neutrally rated ion water solutions were rated before the experiment with a mean of -0.6 (s.d. = 1.4) and after the experiment with a mean of −0.5 (s.d. = 1.7). Juice ratings were significantly higher than ion water ratings (F 1,17 = 126.5, p < 0.001) and there was no main effect of time (before/after experiment) and no interaction between liquid (juice/ion water) and time. Participants' most preferred juice was used as their "reward" and their most neutrally rated ion water was used as their "non-reward".
Main experiment
Participants completed a random dot-motion discrimination task with the following sequence of events in each trial (Fig. 1) . First, a red fixation point was presented in the center of the black screen for 1 s. Second, a cloud of small white dots appeared around the red fixation point and these had a global motion direction of leftwards or rightwards for 0.5 s (speed = 5 deg/s, density = 16.7 dots/deg, size of a dot = 0.10 × 0.07 deg 2 , visual angle = 10 • ). Each small white dot was shown on a given video frame, and then shown three frames later, either displaced to the left or right (to indicate global motion while preventing the participants from following any one dot with their eyes) or at a random location. Then, the dots disappeared leaving only the red fixation point onscreen for 4 s. The participants were able to respond their perceived dot-motion direction at any point from the onset of the white cloud of dots until the offset of this red fixation point; in total this made a 4.5 s response window. The participants were instructed to press the button in their left hand if they perceive the dots as moving leftward, and vice versa. In reality, the dots moved leftwards in half of the trials and rightwards in the other half (order determined using Optseq2 (Greve, 2002) ). When the participants responded, the fixation point changed to a darker red. Subsequently, participants were provided with either 5 ml of juice or 5 ml of ion water, which took 2 s to be delivered via polythene tubes which were hooked up to a Multi-Phaser syringe pump system (New Era Pump Systems Inc.). The fixation point then changed its size and turned green for 0.5 s to indicate that the liquid could be swallowed. Participants were told not to swallow the Fig. 1 . Sequence of events in each trial. After initial presentation of a red fixation point for 1 s, a cloud of moving dots was presented for 0.5 s. This cloud then disappeared leaving the fixation point on screen for another 4 s. This was followed by delivery of juice or neutral tasting ion water which participants had to wait 2 s before swallowing. A change in size and color of the fixation point indicated when they could swallow. Finally, a blank screen was presented for a random length of time. Participants' task was to indicate whether the cloud of dots had a leftwards or rightwards global motion direction. They could respond any time from the onset of the dot-motion until liquid was delivered.
liquid until this cue appeared. Finally, an inter-trial-interval (ITI) of a variable length was presented as a blank black screen (0−23 s, median = 3 s, determined using Optseq2 (Greve, 2002) ).
Importantly, which liquid a participant received depended on the presented motion direction rather than the participant's response, in line with classical rather than operant conditioning. Reward-direction association was counterbalanced across participants and learnt during conditioning prior to the main task.
The percentages of coherently moving dots for high and low coherence conditions were determined for each individual in the preliminary psychophysics task. Specifically, we used participants' 90 and 65% motion direction discrimination accuracy performance thresholds from the psychophysics task to determine the percent of dots moving coherently in the high and low coherence conditions of the main task, respectively. In order to obtain enough error trials for a decent statistical analysis an uneven number of high and low coherence trials were used. We planned for each participant to perform 10 sessions, each of which consisted of 32 trials and took 6 min. If there were 250 high coherence trials, and 70 low coherence trials completed across these 10 sessions, then because the high coherence was set at each individual's 90% accuracy threshold and the low coherence was set at each individual's 65% accuracy threshold, we expected participants to make around 25 error trials in total for each coherence condition. The ratio of high coherence to low coherence trials was therefore set to 78:22 accordingly. Due to fatigue and time limitations, some participants completed less than 10 sessions; three participants completed nine sessions, two participants completed eight sessions, and two participants completed seven sessions. The data from these participants were still kept in our analyses because they all made over two errors in each of the four (reward/non-reward high/low coherence) conditions, which meant that they had a minimum of eight errors for every 32 trials.
Imaging data acquisition
A Siemens Trio TIM 3T scanner with a 32-channel head coil was used for scanning acquisition. Anatomical images were acquired using a T1-weighted MP-RAGE protocol (TR = 2000 ms, TE = 1.98 ms, FA = 10 • , FOV = 256 × 256 mm, resolution 1 × 1 × 1 mm 3 ). Subsequently, T2*-weighted images reflecting blood oxygen level-dependent (BOLD) signals were acquired using gradient-echo echo-planar imaging (EPI) (TR = 2000 ms, TE = 25 ms, 38 slices, FA = 90 • , FOV = 192 × 192 mm, and resolution = 3.0 × 3.0 × 3.5 mm 3 ). Functional data were collected over a series of sessions, each of which took 360 s and consisted of 182 volumes. The first two volumes taken in each session were discarded to ensure steady-state magnetization.
Behavioral data analyses
Increased accuracy does not necessarily indicate increased sensitivity, which is the ability to discriminate signal from noise. We therefore conducted a Signal Detection Theory (SDT; Green and Swets, 1966) analysis to estimate the sensitivity and bias, which is the likelihood of selecting one response over the other, of each participant.
In this analysis, a 'hit' (H) was considered a trial in which participants correctly responded that dots moved in the rewardassociated direction. A 'false alarm' (F) was considered a trial in which participants responded incorrectly that the dots moved in the reward-associated direction. The parameter d' was calculated to estimate sensitivity, and the parameter c was calculated to estimate bias.
2.8. Imaging data analyses SPM8 (Wellcome Trust Centre for Neuroimaging, University College London, UK) was used to pre-process and analyze the imaging data. Standard pre-processing steps were completed in the following order: realignment, slice-timing correction, normalization to the EPI template (voxel-size re-sampled to 2 × 2 × 2 mm 3 ) and spatial smoothing using a Gaussian filter (FWHM = 8 mm). A high-pass filter of 128 s was used to remove low-frequency noise.
Regressors of interest from different time points were found to have low orthogonality when they were all included in the same general linear model. Therefore, because we wished to analyze the brain activation from the dot-motion period, the response period, and the outcome period, we performed three separate general linear model analyses looking at the regressors of interest in each of these time periods separately. We also investigated the time course of percent signal change in activated regions to examine whether any of our results were contaminated by activity carried over from earlier time periods (e.g. Fig. S1 ).
Our first whole-brain analysis model (GLM1) was a factorial design for brain activity that occurred at dot-motion presentation time split by coherence (high/low), direction (reward/non-reward associated), and accuracy (correct/error). This gave us the eight conditions in total. For each subject, the general linear model was used to fit the fMRI time series. Each condition was modeled from the onset of dot-motion until the offset of dot-motion, 500 ms in total. In addition, six other trial-related regressors were included: left/right response (duration = 0 s), juice/ion water delivery (duration = 2 s), and swallowing of juice/ion water (from swallow cue onset for 0 s).
Our second whole-brain analysis model (GLM2) was a factorial design for brain activity that occurred at response timing split by coherence (high/low), direction (reward/non-reward associated), and accuracy (correct/error). While these may appear the same as the eight regressors in the GLM1 analysis, the regressors occurred as the participants made their response, which on average was 0.4 s (s.d. = 0.28, range = 0.2−4.5 s) after the dot-motion stimuli had disappeared. Each condition was modeled at the onset of response as an event (duration = 0 s). Six other trial-related regressors were also included: left/right dot-motion (duration = 500 ms), juice/ion water delivery (duration = 2 s), and swallowing of juice/ion water (duration = 0 s).
For our third whole-brain analysis model (GLM3), a factorial design for brain activity that occurred at outcome timing was completed and activity was divided by coherence (high/low), direction (reward/non-reward associated), and accuracy (correct/error). While these may appear the same as the regressors in the GLMs above, it is important to note that these regressors involved brain activations from a completely different time in the experiment. Each condition was modeled from the onset of liquid delivery until the offset of liquid delivery (i.e. duration = 2 s). Two other trial-related regressors were included: dot-motion leftwards and dot-motion rightwards; these were modeled as starting at dot-motion onset and lasting 500 ms until dot-motion offset.
For all GLMs, random effect analyses at the group-level were conducted using an ANOVA design (Friston et al., 2002) that modeled the eight conditions of interest and the main effect of subjects. Significant clusters were identified using the voxel-level threshold of p-unc. = 0.001. The statistic threshold at cluster-level was set to p-FWE = 0.05. The six motion regressors were included as effects of no interest.
Results
Behavioral results
We examined the effects of coherence (high/low) and direction (reward/non-reward associated) on response accuracy. As expected, participants showed significantly better accuracy in high coherence trials (0.82 ± 0.15) than in low coherence trials (0.60 ± 0.15; F 1,17 = 47.1, p < 0.001, Fig. 2a ). They also responded more accurately in trials when the dots moved in the rewardassociated direction (0.76 ± 0.15) compared with in trials when the dots moved in the non-reward-associated direction (0.65 ± 0.16; F 1,17 = 5.85, p < 0.05, Fig. 2a ). There was no interaction between coherence and direction (F 1,17 = 1.51, p = 0.23). These results indicate that both coherence and direction independently influenced a participant's accuracy.
As expected, the subjects were more sensitive to high coherence trials (d' = 2.27 ± 1.19) than to low coherence trials (d' = 0.63 ± 0.52; t 17 = 6.15, p < 0.001, Fig. 2b ). We confirmed that sensitivity on low coherence trials was better than chance (t 17 = 5.15, p < 0.001). The bias (c) across the experiment significantly differed from 0 (onesample t test, t 17 = −2.64, p < 0.05). The participants showed a bias to choose the reward-associated direction in both high coherence trials (−0.17) and low coherence trials (−0.22). The level of bias did not differ significantly depending on coherence (t 17 = 0.85, p = 0.41). This finding likely explains why responses were more likely to be correct when dots moved in the reward-direction. It also provides support for the assumption that our participants had successfully learned to associate one direction with reward and the other with non-reward.
Finally, we tested to see what effects coherence (high/low), direction (reward/non-reward associated), and accuracy (correct/incorrect) had on response times. A two-way interaction between accuracy and coherence was found (F 1,17 = 9.04, p < 0.01). Post hoc t-tests showed that response times in high coherence correct trials were faster than those in low coherence correct trials (t 17 = −3.75, p < 0.01, Bonferroni corrected, 2c) and faster than those in high coherence error trials (t 17 = −3.19, p < 0.01, Bonferroni corrected, Fig. 2c) . No other effects were significant. Therefore, participants were fastest to respond in high coherence correct trials.
fMRI results
Dot-motion duration: GLM1
We investigated brain activation during dot-motion perception in GLM1. In conditions, where participants subsequently made the correct compared with the incorrect response (correct > error), visual areas, including the putative MT area, which is associated with visual motion perception (Krug et al., 2013) , were highly activated (Table 1, Fig. 3b ). The opposite contrast (error > correct) showed that the bilateral inferior frontal gyrus and MFC (including a cluster from the ACC), were more activated prior to erroneous compared with correct responses (Table 1, Fig. 3a ). No interactions with coherence (high/low) or direction (reward/non-reward associated) were found on the activity in either of these contrasts. However, regardless of participants' accuracy, we found significant activity in a large region of the cingulate cortex and in the bilateral insula to be increased for the non-reward-associated direction (Table 1 , Fig. 3c ). No areas were found to have activity that combined reward and error-anticipatory information and no areas were found to have activity that was related to stimulus coherence.
Response timing: GLM2
Using GLM2, we examined brain activation at response timing in our task. When activations specific to correct responses were examined (correct > error), none were found to be significant. Activations for erroneous responses (error > correct) were found in the inferior frontal gyrus, bilateral middle occipital gyrus, bilateral posterior medial frontal (pMFC) cortex, and bilateral insula (Table 2, Fig. 4b ). An interaction between accuracy and reward was found in a small part of the pMFC that was significantly active for erroneous responses, specifically part of the bilateral midcingulate cortex (MCC). This area had increased activity for error compared with correct responses in reward compared with in non-reward trials. (Fig. 4a) . Although the onsets of regressors of interest in this analysis were temporarily close to those in GLM1, observed activations were distributed differently. The average response time was 0.4−9 s, but response times ranged 0.2−4.5 s after dot-motion onset. This range of response times made a jittering effect on the analysis, which suggests that observed activation in GLM2 reflects different neural processes from that in GLM1.
Outcome timing: GLM3
Finally, we investigated error-related processes during the liquid delivery period in GLM3. Note that at this time, participants received the outcome (juice/ion water) depending on the direction in which the dots had moved. While outcome was not determined by their response, participants should have been able to use this outcome as feedback to determine whether or not they had made the correct response. For example, if the left direction was associated with juice, and the participant received juice, then the participant should thereby be able to infer that the dots must have moved leftwards. The participants could then compare this inferred direction with the response (left/right) that they had made to determine the accuracy of their judgment on the current trial. Although we found no overall effects of error, when we looked only at trials where dots moved in the non-reward direction we found significant error-related activation in the ACC (Fig. 4c, Table 3 ). Overall, while an interaction was not found and so these results are not as strong, they do indicate that error processing at outcome Activity colored in red is that from the error > correct contrast at dot-motion time.
Activity colored in magenta is that from the non-reward > reward contrast at dotmotion time. Activity colored in green is that from the interaction showing stronger error-related activity in reward than non-reward conditions at response time. Activity colored in cyan is that from the error > correct contrast performed on non-reward trials at outcome time.
time occurs most in non-reward trials. This is opposite to results in GLM2, which showed that error processing at response time occurs most in reward trials, and therefore indicates that error processing occurs later in non-reward than in reward trials.
Discussion
In the current study, we scanned participants while they completed a dot-motion direction discrimination task where reward was classically conditioned. Behaviorally, we found accuracy and sensitivity to be higher in high coherence than low coherence conditions and response times to be faster in high coherence correct trials than in any other type of trial. We also found accuracy to be better in reward than in non-reward conditions, however this effect was likely driven by participants' bias for the reward-associated direction. Imaging results indicated that prior to response, error relevant and reward relevant neural activity occurred separately; error relevant activity was found in the MFC (including but not restricted to part of the ACC) and IFG, and reward relevant activity was found in the MCC and bilateral insula. After response, however, an interaction between error and reward relevant activity in the MCC was found; error-related activation was larger in reward than in non-reward trials. Error-related activity in the bilateral insula that was independent from reward value was also found at response time. Finally, error processing was found to be significant in the ACC in non-reward trials when outcome was delivered. Overall, error and reward activities in the cingulate cortex were found to occur separately prior to decision, but together after decision and after feedback. These activities in the cingulate cortex appeared anatomically distinctive (Fig. 5) .
We observed that error processing was increased in reward compared with non-reward trials in the midcingulate cortex at response time. This may initially appear comparable to the results of previous study where increased reward value was found to enhance the ERN (Hajcak et al., 2005) . However, in this previous study, an operant conditioning paradigm was used whereas we used a classical conditioning paradigm. Therefore, while Hajcak et al. (2005) suggested that reward value enhanced error processing in the cingulate cortex due to an affective assessment of the outcomes of response, our results indicate that this effect occurs regardless of associations between outcome and response. Instead, reward and the affect associated with it may have a more general effect on attention that thereby enhanced error processing at response time in the cingulate in rewarding conditions. In contrast, in non-rewarding conditions, this effect of reward on attention should not occur. This may explain why we did not find error to be processed in the cingulate in non-reward trials until presentation of outcome provided explicit feedback. Consistent with this idea, stimuli associated with reward have been shown to capture attention in various tasks, even when this is not advantageous (Anderson et al., 2011; Awh et al., 2012) . A recent review therefore argued that learnt associations between stimuli and reward affect the attentional priority of stimuli (Anderson, 2013) .
Our finding that reward enhanced the processing of error after decision has several implications. In a previous study, where participants were given the opportunity to correct their errors, the ERN was shown to be enhanced in errors that were corrected compared with those which were not (Hochman et al., 2009) . Therefore, because we found error processing to be enhanced in rewarding conditions, people may also be more likely to correct their errors in these compared with non-rewarding conditions. Additionally, error processing and decision confidence have been proposed to share common neural mechanisms (Yeung and Summerfield, 2012; Boldt and Yeung, 2015) . If this is true, then because we found error processing to be increased prior to feedback in rewarding compared with neutral conditions, confidence judgments might also be more accurate in rewarding conditions.
In this experiment, we found pre-error neural activity to be anatomically distinct from that related to reward value. Neural processing related to reward value at this time was found in the cingulate cortex and bilateral insula, which makes sense because both of these areas are connected to the reward-processing system (Williams and Goldman-Rakic, 1993; Camara et al., 2009 ). Pre-error activity, however, was found to be significantly decreased in the visual cortex and significantly increased in the IFG and MFC. These findings are intriguing because until now studies on pre-response accuracy related processes have been largely neglected (Hoffman & Beste, 2015) .
Activity in the visual cortex is thought to indicate accumulation of perceptual evidence for making a decision (Fetsch et al., 2014) . Therefore, our finding that activity in the visual cortex was significantly reduced prior to erroneous decisions likely indicates that in these trials our participants had less perceptual evidence to base their decisions on. In these trials, we also found activity in the MFC and IFG to be increased. When total perceptual evidence is low, there naturally should not be much more evidence for one option over another. In such cases, participants are likely to have increased uncertainty about which response to select (Michael et al., 2013) . Therefore, this increased activity in the MFC and IFG may have been related to the monitoring of response selection uncertainty.
Consistent with this idea, activity in these areas has previously been related to various processes that may contribute to response selection uncertainty such as high risk and ambiguity (Corbetta et al., 1991; D'Esposito et al., 1995; Carter et al., 1998; Botvinick et al., 1999; van Veen et al., 2001; Weissman et al., 2003; Botvinick et al., 2004 , Wittfoth et al., 2008 Wendelken et al., 2009; Christopoulos et al., 2010; Cazzell et al., 2012; Fukunaga et al., 2012; Leitman et al., 2010; Dong et al., 2014) . Similar error-related activity was found after response in the insula. Because the insula has previously been linked to error monitoring (for a review see Klein et al., 2013) , this may therefore have reflected continued monitoring of uncertainty in response selection during erroneous trials. Overall, in the current study because we did not deliberately set out to test them we cannot say exactly what processes are represented in the activations found in the IFG and MFC prior to and in the insula after erroneous decisions. However, these activities likely occurred when participants were relatively uncertain about which response to select and therefore may have been related to the monitoring of this.
While our results show that value has no unique effects on pre-error activity, they do not rule out the possibility that when value and accuracy are associated (e.g. receiving reward only if you make a correct response) then pre-error activity may be influenced by value. Recent reviews and models have proposed that when there is benefit in making a correct response then ACC activity prior to response might be increased by both higher error anticipation and higher reward value so that cognitive control can be increased and thereby so that accuracy can be improved in these situations (Shenhav et al., 2013; Hoffman & Beste, 2015) . While there was no benefit in making a correct response in our task, our finding that MFC activity (including a small part of the ACC) was increased prior to errors rather than prior to correct responses raises questions about the role of this area in successfully implementing cognitive control in the first place. We also found no main effect of direction (reward/non-reward associated) on response times which further call this into question. Instead our results are more consistent with an interpretation of activity in the MFC prior to errors as being related to the monitoring of response selection uncertainty.
In this experiment, we found the cingulate cortex to be active in four different contrasts in areas that were all anatomically distinct (Fig. 5) . Prior to response we found activity distinguishing subsequent erroneous from subsequent correct responses in the MFC including an anterior dorsal region of the ACC similar to that which has previously been associated with executive processes (Hutchison et al., 2011) . We also found activity distinguishing reward from non-reward stimuli that extended from the midcingulate cortex into a posterior part of the ACC similar to that which has previously been associated with attentional processes (Hutchison et al., 2011) . After response, we found an interaction between reward value and error processes in the MCC. Subsequently, after outcome, we found error-related activity in non-reward trials to occur in yet a different part of the ACC. Holroyd and Coles (2002) proposed that a generic error-system exists in the cingulate cortex that processes error either after response or after feedback depending on when this information first becomes available. Our findings that reward value caused error-related activity in the cingulate to be enhanced after response, but that error-related activity at outcome time was only found in non-reward trials, indicate that information in this generic error-system may become available sooner in reward than in non-reward trials. Additionally, our finding that error-related processing occurs even prior to response in the cingulate indicates that this potential error-system might start gathering error-related information from an earlier point in time than previously considered. Our results therefore elucidate the contributions of different parts of the cingulate cortex to reward and error processing both prior to and after a decision.
Overall, in this fMRI study, we found reward and error neural activations to interact after decision, but to occur in anatomically distinct regions prior to decision. Specifically, prior to response error relevant activity was found in the MFC, and reward value relevant activity was found in the midcingulate. These results indicate that prior to decision, processes such as response selection uncertainty are independent from value-based decision-making. We found reward value to enhance error-related activity in the MCC at response time. Subsequently when outcome, and therefore feedback, was provided we only found error-related activity in non-reward trials. These results indicate that, even when reward is dissociated from response, error processing after decision is influenced by reward value. Corresponding to our results, metacognitive processes such as decision confidence and error correction may also be enhanced in rewarding compared non-rewarding conditions.
